The role of thymus in antibody responses to a series of four synthetic polypeptide immunogens of the general formula multi-copoly(TyrGlu)-poly(Pro)-poly(Lys) was investigated as a function of the optical activity of the amino acids composing their structure. Irradiated nonthymectomized and thymectomized SJL mice were injected with thymocytes, marrow cells, or a mixture of both. Each group of recipients was immunized with the following copolymer enantiomorphs: all L-amino acids; L-amino acids outside and D inside; D-amino acids outside and L inside; or all D-amino acids. The antibody response to the immunogen composed of all L-amino acids was thymus-dependent, whereas the responses to the other three copolymers were all independent of the thymus. Similar cell transfers were performed in DBA/1 mice immunized with multi-copoly(L-Phe,L-Glu)-poly(D-Pro)-poly(D-Lys). This mouse strain produces specific antibodies against the (Phe,Glu) region and against the poly(Dprolyl) region. The immune response to the determinant with only L-amino acids on the outside was thymusdependent, whereas the response to the inside immunopotent region with only D-amino acids was thymusindependent. Since earlier studies have demonstrated that synthetic polypeptide antigens that contain D-amino acids are poorly metabolized, the thymus-independence of the antibody responses to these multichain synthetic polypeptides that possess repeating antigenic determinants was correlated with the metabolizability of the immunogens or their component determinants.
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The phenomenon of cell-to-cell interaction has occupied an important place in studies of the cellular nature of the immune response. Cooperation between thymus-derived and marrow-derived cellular components of the immune system of mice has been demonstrated for humoral antibody responses to several immunogens including heterologous erythrocytes (1-3), serum proteins (4-6), and synthetic polypeptides (7) (8) (9) . Immunogens have been described recently that elicit humoral antibody responses in heavily irradiated, bone-marrow reconstituted mice without the presence of detectable numbers of thymocytes or thymusderived cells. These immunogens have been called "thymusindependent antigens," and include polymerized flagellin (10, 11) , pneumococcal polysaccharide (12) , Escherichia coli lipopolysaccharide (13) , and polyvinylpyrrolidone (13) . Since they consist of long chains made up of repeating antigenic determinants (polymerized flagellin contains repeating polypeptide chain subunits), the suggestion has been made that the structural requirement necessary for an immunogen to be independent of the thymus is the presence of a repeating antigenic subunit (14, 15) . This may be a necessary but insufficient requirement for thymus-independence, since several multichain synthetic polypeptide immunogens, all possessing repeating antigenic determinants, require both thymus-and marrow-derived cells for eliciting efficient humoral immune responses in mice (7) (8) (9) .
It has been postulated that thymus-derived cells function to concentrate antigen (16 Gill, ref. 17) . This report demonstrates that the immune response to a multichain synthetic polypeptide composed exclusively of D amino acids is independent of the thymus.
The multichain synthetic copolypeptides used in this study can be prepared in such a manner that different parts of the molecule may be built from amino acids that differ in their optical configuration. Thus, as seen in Fig. 1 , the multichain copolymer of the general formula multi-copoly(Tyr,Glu)-poly(Pro)-poly(Lys) is composed of two moieties: outside and inside, and each of these may be prepared from amino acids of the L or of the D configuration. Earlier studies have shown great differences in the immunogenicity and metabolism of such enantiomorphs (18, 19 (18) , and in its slow metabolism (19) . This is due to the lack of endopeptidases capable of splitting peptide bonds between two L-proline residues. As every poly(L-proline) chain in multicopoly(D-Tyr,D-Glu)-poly(I-Pro)-poly(i-Lys) is linked toan eamino group of lysine on one end and to a peptide composed of D-amino acids on the other end, no significant digestion of this polymer can occur within the animal body, similarly to copolymers composed exclusively of D-amino acids.
The four different enantiomorphs of poly(Tyr,Glu)-poly-(Pro)-poly(Lys) were tested for their ability to elicit a humoral antibody response in irradiated mice injected with 108 thymocytes, 2 X 107 marrow cells, or a mixture of these two cell populations. The results of the response frequencies obtained are shown in Table 1 . The antibody response to the polypeptide composed exclusively of L-amino acids was found to be thymus-dependent, since the injection of thymus or marrow cells alone did not generate a significant immune response, whereas injection of the cell mixture generated detectable responses in the sera of all the recipients tested. In contrast, when poly(Tyr,Glu)-poly(Pro)-poly(Lys) was composed of L-amino acids outside and D-amino acids inside, D outside and L inside, or exclusively of D-amino acids, the resulting antibody responses were of a similar frequency when marrow cells were injected with or without thymocytes. This observation suggests that the immune response to poorly metabolized immunogens is independent of the thymus.
Since we assumed that the above thymus-independent immunogens are slowly and incompletely metabolized (16, 19) , the possibility existed that some regeneration of the thymic component of the immune system could have occurred via repopulation of the irradiated host thymus by the grafted marrow cells, while these poorly-processed immunogens were still effective. In order to exclude this possibility, a cell transfer experiment was performed with thymectomized, irradiated recipients. The results shown in the last line of Table 1 , are indistinguishable from the results of the experiment in which the same immunogen with only D-amino acids was injected into nonthymectomized recipients. Since the addition of thymocytes did not enhance the immune response in thymectomized, irradiated recipients, this experiment indicated that the results obtained were not due to regeneration of the host thymus.
If independence from the thymus is related to slow metabolism of the immunogen, this would be an adequate explanation for the response to the polymer containing D-amino acids exclusively, and for the molecule that has D-amino acids outside and L-amino acids inside (19) . However, the polymer that is composed of L-amino acids outside and Damino acids inside would be expected to have its outside L moiety easily digested, and the immune response towards that portion of the molecule might have been expected to be thymus-dependent. Previous studies have shown that poly-(i-Tyr,L-Glu)-poly(D-Pro)-poly(D-Lys) initiated in rabbits the formation of antibodies specific to the poly(iTyr,-Glu) moiety (18) . In contradistinction, SJL/J mice produce, upon injection with this immunogen, mainly antibodies to the polyprolyl moiety* (the moiety containing the 1-amino acids) but do not produce antibodies to (Tyr,Glu) (the portion of the molecule containing the L-amino acids). This accounts for the thymus-independence of this particular immunogen in SJL/J mice.
In order to test whether an immunogen composed of i, amino acids outside and D-amino acids inside contains a thymus-dependent as well as a thymus-independent immunogenic region, use was made of the fact that DBA/1 mice immunized with multi-copoly(-Phe,rGlu)-poly(D-Pro)-poly(D-Lys) generate antibodies specific both for the poly-(i,-Phe,i-Glu) and for the poly(D-Pro) portions of this immunogen*. Irradiated DBA/1 mice were injected with 108 thymocytes, 2 X 107 marrow cells, or a mixture containing 108 thymus and 2 X 107 marrow cells. The recipients were immunized with poly(i-Phe,i-Glu)-poly(n-Pro)-poly(D-Lys), and their sera were assayed for specific antipoly(iPhe,-Glu) and antipoly(D-Pro) antibodies. The results summarized in Table 2 indicate that the immune response to the moiety with the -amino acids outside is thymus-dependent, since only 16% of the recipients injected with marrow cells alone responded, whereas 74% of the mice injected with marrow and thymus cells responded. In contrast, the antibody response to the moiety with )-amino acids on the inside of the immunogen was independent of the thymus, since from 63 to 69% of the recipients injected with bone marrow cells responded irrespective of the addition of thymocytes. These latter observations indicate that synthetic immunogens can be prepared that are composed of thymus-dependent and -independent regions, and support the hypothesis that the immune response to poorly metabolized immunogens, as well as to poorly metabolized antigenic regions of immunogenic macromolecules, is independent of the thymus.
DISCUSSION
The humoral immune responses to several immunogens have been shown to require the cooperation of at least two distinct populations of immunocompetent cells (1-9): thymusderived, antigen-reactive cells and bone marrow-derived precursors of antibody-forming cells. However, exceptions to this experimental observation have recently been described, since antibody responses were obtained to certain immunogens that appear not to involve the thymus-derived component of the immune system (10-13). These immunogens have been called thymus-independent antigens, and possess in common the structural feature of a repeating antigenic subunit. The above experimental observations have led to the hypothesis that the immune response to immunogens that possess repeating antigenic determinants is independent of the thymus. The repeating antigenic subunit concept cannot totally account for independence from the thymus, however, since the antibody responses to four different multichain synthetic polypeptide immunogens, which are also composed of repeating antigenic determinants, were found to be thymusdependent (7) (8) (9) .
It is possible that the four immunogens reported to be thymus-independent possess, in addition to repeating antigenic subunits, another common immunogenic denominator: they are poorly and incompletely metabolized. If in the optical configuration of the amino acids that compose their various portions. The polypeptide composed exclusively of i-amino acids can be metabolized, whereas two of the polymers, the one composed exclusively of D-amino acids and the one composed of 93% iL-amino acids but containing Damino acids in its outside moiety are slowly metabolized (19) .
The polypeptide composed of 93% D-amino acids inside, but consisted of i-amino acids on the outside should be degradable only so far as the outside moiety that contained the L-amino acids is concerned.
Results of the cell-transfer experiments summarized in Table 1 The immune response to the copolymer composed of iamino acids outside and D inside is expected to be independent of the thymus, since the immunopotent region of this macromolecule is made up of poly(D-proline) side chains that are metabolized slowly. One might have expected the antibody response to the immunogen consisting of D-amino acids outside and L inside to be thymus-dependent, since the immunopotent region of this macromolecule is made up of poly(i, proline) side chains. The poly(proline) side chains of this immunogenic macromolecule are not easily metabolized, however, since no endopeptidases are known that are capable of splitting peptide bonds between two iproline residues, and every poly(L-proline) chain in this immunogen is linked to an e-amino group of lysine on one end and to a peptide composed of D-amino acids on the other imino-terminal end, and thus no significant digestion of this polymer can occur (18, 19) . Thus, the immune response specific for the moiety made up of -amino acids is thymus-independent, probably due to the poor degradation of another part of the immunogen that prevents metabolism of the whole immunogen, including the inside portion of the molecule made up of i-amino acids.
This provides an example of one part of an immunogen (which is apparently not involved in the antibody specificity) influencing the need, or lack of need, for thymus-marrow cell cooperation for the production of antibodies specific for another part of the immunogen. The recognition of antigenic determinants has been shown to occur while the immunogen is still intact (21) . It is probable, however, that digestion of the immunogenic macromolecule after antigenic recognition is desirable for the production of an efficient antibody response.
If this hypothesis is correct, then antigenic recognition of the intact immunogen would be expected to take place before the occlurrence of that step in the immune process that determines whether an antibody response will be thymus-dependent or thymus-independent.
In order to establish whether thymus-dependent and thymus-independent antibody responses could be obtained for two immunopotent regions within the same immunogenic macromolecule, thymus and/or marrow cell transfers were made in DBA/1 mice, which were then immunized with poly(riPhe,i-Glu)-poly(D-Pro)-poly(D-Lys). In contrast to the immune response to the related polypeptide poly(iTyr,-i-Glu)-poly(D-Pro)-poly(n-Lys) discussed above, which elicits antibodies specific for only the polyproline side chains, two populations of antibodies are produced in DBA/1 mice to the copolymer containing L-phenylalanine, one specific for (IiPhe,u-Glu) and the other specific for the poly(D-proline) side chains*. The results (see Table 2 ) indicate that the antibody response to the uamino-acid moiety on the outside is thymusdependent, whereas the response to the poly(D-proline) side chains on the inside is thymus-independent. This provides an example of an immunogenic macromolecule composed of two immunopotent regions-one of which is thymus-dependent and the other thymus-independent. If the presentlyheld concept of thymus-marrow cell-to-cell interaction involving two separate determinants is considered to be valid for this immunogen, an interesting possibility arises: The antibody response to the moiety composed of D-amino acids on the inside does not require a thymus-derived helper-cell population. Yet this moiety or the entire immunogenic macromolecule probably triggers a thymus-derived cell population in order to provide helper cells for the thymusdependent antibody response specific for the outside moiety composed of uamino acids.
Whereas the mouse antibodies formed against the pneumococcal polysaccharide that is independent of the thyinus, are of the IgM class exclusively (12), the antibodies produced against the thymus-independent immunogens described here are of the IgM and IgG classes, as concluded from the effect of 2-mercaptoethanol on hemagglutination titers, and from the fact that both direct and indirect hemolytic plaqueforming cells specific for these immunogens were observed.
Limiting-dilution analyses of immunocompetent-cell populations have been used for estimation of the frequency of precursor cells that elicit the thymus-dependent antibody responses to multichain synthetic polypeptide immunogens composed of iamino acids (7, 8, 22, 23) . A similar approach has been used by Moller and Michael to estimate the frequency of splenic antigen-sensitive cells that react with E. coli lipopolysaccharide antigens, which are independent of the thymus (15) . Their results indicate that 10 times more relevant precursor cells were stimulated by this thymusindependent antigen than has been reported for thymusdependent antigens such as sheep erythrocytes (24) (25) (26) and the synthetic polypeptides composed of iamino acids (22, 23) . It was suggested that the frequency of antigen-sensitive cells formed against immunogens that require thymusmarrow cell cooperation reflects the efficiency of the helper mechanism rather than the actual proportion of precursor cells (15) . Although careful limiting-dilution studies of the cells that generate responses to the multichain synthetic polypeptides containing D-amino acids have not been made, the frequencies of responses observed for these thymus-independent immunogens were not higher than those obtained for the thymus-dependent copolymers composed of uamino acids (see Table 1 ). In fact, a lower proportion of antibody responses was consistently detected in recipients for the thymus-independent response (either in the presence or absence of thymocytes) than for the thymnus-dependent response.
The same phenomenon was seen for responses to the thymusdependent and thymus-independent moieties of poly(i-Phe, iGlu)-poly(D-Pro)-poly(D-Lys) (see Table 2 ). Since substances such as poly(A) -poly(U) and methylated bovine serum albumin have been shown to alter the response patterns of cell suspensions detected by limiting dilution (27) , the possibility cannot be excluded that endotoxin may have had unspecific stimulating effects on the immune response to E. coli Iipopolysaccharide (15) .
The results presented in this report indicate that the thymus-independence of immunogens with similar size, shape, and amino-acid composition is related to the optical configuration of some or all of the amino acids that compose their structure. Since thymus-independence of the antibody responses against these five related multichain polypeptides was correlated with the metabolizability of the immunogens or their various moieties, it is likely that for the category of thymus-independent immunogens that possess repeating antigenic determinants, slow metabolism may be a requirement for a steady multipoint binding of antigenic determinants to the lymphocyte, which is in turn needed for the induction of immune response.
